It is explained how the recording of 31P NMR spectra in a liquid crystal phase can provide much more experimental data than the same spectra recorded in an isotropic liquid. These additional data include the measurement of indirect spin couplings which are not accessible in the isotropic liquid phase, the obtention of geometrical parameters and the measurement of the anisotropy of the chemical shift and indirect spin-coupling tensors. The results obtained by this method are illustrated by the study of simple phosphorus molecules oriented by means of nematic phases. Geometrical data obtained compare favorably with the data derived from other methods.
a : Scaled such that 'H is at 100 MHz ; b : Relative to the proton receptivity.
The introduction of Fourier Transform NMR with broad band decoupling of protons has now brought the 31P NMR sensitivity to a level comparable to the one routinely achieved for 'H NMR. However, in spite of the high degree of sophistication attained in the recording of 31P NMR spectra, the only information obtained in most cases is the resonance frequency of one or several lines and a few values of the indirect spin-spin couplings of the phosphorus with other nuclei.
In this communication, we aim to explain why the information is reduced to such an extent when the NMR spectra are recorded in isotropic liquid phases, and to show on a few examples how the information may be largely extended by recording the NMR spectra of molecules partially oriented in the matrix of a liquid crystal (2) . The method was first introduced by Saupe and Englert (3)(4)(5).
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NMR PARAMETERS IN ISOTROPIC AND ANISOTROPIC ENVIRONMENT
The most commonly examined NMR parameters in chemistry are the screening constant a and the indirect spin-spin coupling J. These two quantities which appear as scalars in isotropic phases are in fact dependent upon the orientation of the molecule with respect to the external magnetic field Bo and must be described by second rank tensors with nine independent components in general. The number of independentco.mponents of these tensors and can be reduced according to the molecular symmetry (6) .
The spatial dependence of the screening constant o means that in a given magnetic field B0, the magnetic field B experienced by a given nucleus i ( Figure If one considers a polycristalline sample, where the molecules have different but fixed orientations with respect to Bo, one will observe a broad band signal, which is the envelope of all the different resonance frequencies experienced by the same type of nucleus in the different molecular orientations. In an isotropic liquid, due to the rapid tumbling of the molecules, the screening tensor is averaged to a scalar quantity a which is equal to the trace of ,a= 1/3(ci x + c + a). The magnetic field experienced by a given nucleus is then B = Bo(1-a). -
Therefore, all the information concerning the individual components of the tensor is lost.
The same situation holds for the indirect spin-spin coupling which is also a second rank tensor and the scalar value measured in the isQtropic liquid phase is in fact J = l/3(J+J -FJ). The tensorial nature of means that the÷spin-spin coupling between two nuclei i yy and j will depend upon the orientation of nj, the vector connecting the two nuclei, with respect to the magnetic field B0 (Fig. lb) .
The third interaction we will consider here is the direct dipolar interactionii between a pair of nuclei i and j. This interaction which is the analog of the classical interaction between two magnets can be written Ii Ij -3(I r)(I r) r3 r5 ii ii or in tensor notation --* ÷
1. and i. are the magnetogyric ratios of the nuclei i and j of spins I. and I., r . is the vector joining the two nuclei. The tij tensor has a zero trae and,3as a result, the dipolar interaction vanishes under conditions of rapid isotropic molecular reorientation.
Thus, in isotropic liquid phase NMR, all information concerning the molecular geometry which could be obtained through the dipolar interaction is lost. The dipolar interaction still contributes to the total relaxation rate of the nuclei, but in the case of phosphorus, the presence, in gerenal, of several relaxation mechanisms (dipolar, spin-rotation, chemical shift anisotropy) (7)(8) makes it a very difficult task to obtain accurate information on the internuclear distances from relaxation data in the liquid phase.
Nuclear magnetic resonance of organophorphorus molecules
O49
All these tensorial interactions which average to a scalar value in isotropic liquids are evidently contained in the solid state spectra. However, in that case, the dipolar interactions are so large, that the spectra show very broad line signals and it becomes very difficult to obtain any detailed information on the smaller and 3 interaction without first getting rid of the dominant dipolar interaction. This task requires highly sophisticated decoupling techniques, using pulse sequences which have only been applied to a limited number of phosphorus containing molecules (9) .
The use of a liquid crystal solvent constitutes an interesting compromise between the simplicity of the spectra in isotropic liquids and their complexity in the solid state. Different sorts of liquid crystal solvents can be used to induce a privileged average orientation of the solute with respect to the B0 external magnetic field. The most widely used liquid crystals for high resolution NMR studies are nematic phases, which consist of long rod shaped molecules. Magnetic fields cause an alignment of the longest axes of the molecules or the direction of smallest diamagnetic susceptibility parallel to the field. The motion of a solute molecule in such an ordered matrix is anisotropic enough to let subsist a preferential average orientation and hence results in non zero intramolecular averaged dipolar couplings.
Yet the relative motion of the solute molecules remains fast enough so that intermolecular dipolar interactions completely average to zero. Thus, one observes well resolved spectra which are dependent on the reduced average of the intramolecular dipolar couplings and independent of the intermolecular interactions.
We shall present examples of information which can be obtained through the NMR spectral analysis of molecules oriented in liquid crystals, namely indirect spin-spin coupling between isochronous nuclei, molecular geometry, chemical shift and spin-spin coupling anisotropy.
OBTENTION OF INDIRECT SPIN-SPIN COUPLING BETWEEN ISOCHRONOUS NUCLEI
We shall start our review of experimental data by an unusual aspect of the use of NMR of molecules dissolved in liquid crystals. In cyclopolyphosphanes (PR)n containing an even number of phosphorus atoms, like cyclotetraphosphanes or cyclohexaphosphanes, it has been experimentally observed that all the phosphorus nuclei are isochronous (10) . Thus the (decoupled from other nuclei) 31P NMR spectrum is a single line pattern (An) in isotropic phase. The phosphorus-phosphorus spin-spin coupling cannot be obtained. Undecoupled 31P spectra could possibly be used to reach the J(PP) values but these undecoupled spectra would in general be much too complex to be analyzed.
In the ordered phase, we have a different situation because the Hamiltonian C needed for the NMR spectral analysis differs from the isotropic one by additional terms
and represent one third of the trace of the screening tensor of nucleus i and of the indirect spin-spin coupling between nuclei i and j respectively.
D
. is a more complex quantity which contains a contribution from the direct dipolar interaction and from the ij tensor components.
Due to this particular expression of the HamiltonianX , where the 'zi'zj and (I I +
terms have a different coefficient conversely to the case of the Hamiltonian is isotropic phase, the spectrum of an 1n spin system may exhibit a multi-line pattern instead of a singlet. The spectrum will be independent of the J.j.j isotropic values only when the isochronous nuclei i and j have the same 3 and D values with any other nuclei in the spin system. For example, in cyclotetraphosphanes, the phosphorus nuclei on opposite sides of the ring fulfill this condition ( J23 and J1 J2. Therefore, the 31P spectrum in oriented phase will depend on the 1J(PP) coupling but not on the 2J(PP) value. In the case of cyclohexaphosphanes, the spectrum will depend on the three internuclei spin-spin couplings 'J(PP), 3J(PP), 3J(PP). From the NMR spectral analysis of P(C6H5)6 (Fig. 3) , the following values are obtained (11) 1J ( The 1J(PP) coupling which is probably of negative sign (12) is the smallest absolute value observed for a phenyl substituted cyclopolyphosphane (13) . Such a value, which corresponds to a nearly trans diaxial orientation of the phosphorus lone pairs (14) , is in agreement with the angular dependence shown in a calculation on P2H. It was found that 'J(PP) vary from -152 Hz to +10 Hz when the torsional angle between the phosphorus lone pairs directions increases from 00 to 180° (15) .
As mentionned in the introduction, the direct internuclear dipolar couplingsij observed in a molecule dissolved in a liquid crystal are values averaged over all the possible orientations of the molecule in the anisotropic phase. The average orientation of a rigid molecule may be described by a 3x3 matrix S (4)(5). The definition of a matrix element is 5pq = 1/2 < 3 cos Pp cos ctq -oq > where the p, q indices refer to the x, y, z axes of a cartesian coordinates system attached to the molecule, p and g are the angles between these molecular axes and the magnetic field direction. From the definition of the S matrix elements, it clearly appears that S is symmetric and traceless. Thus, the S matrix will have five independent components in the general case. However, the number of Spq independent terms may be reduced by molecular symmetry. For example, if a molecule has a Cn symmetry axis with n > 2, only one S value is needed to define the order matix S (4).
The measured dipolar coupling values can be used to write equations where the unknowns are the S terms and the internuclei distances. Thus, in a C3v symmetry molecule, the measurement of n distinct dipolar couplings will give access to n -1 geometrical informations which are ratios of the internuclear distances. If only one dipolar coupling is measured, assuming the internuclear distance will give access to the unique orientation term Szz. 
P(N(CH3)2)3 (19). C6H5
As an illustration, we will discuss here the results obtained for trimethylphosphine derivatives X = P(CH3)3 (X = lone pair, 0, S and Se) (20)(21) (22) . Molecules triply labelled with 13C have been used to obtain two dipolar coupling data on the rigid part of the molecules. With complete proton decoupling, the phosphorus and carbon nuclei form a simple AX3 spin system. Assuming that the indirect spin couplings 1J(P-C) and 2J(C-P-C) are isotropic, the C-P-C bond angles ci can be obtained from the(PC)/(CC) ratio of the phosphorus-carbon and carbon-carbon dipolar couplings (Fig. 4) .
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ft Fig. 4 . Representation of the X = P(CH3)3 molecules (X = lone pair, 0, 5, Se) along with the choice of the molecular axis system. The three C are '3C.
The vibrational corrections (23) have been taken into account and appear to be negligible, compared to the errors resulting from uncertainties in the line positions in the NMR spectra.
The ci bond angle values obtained by NMR are shown in Table 2 , along with the values obtained using other experimental techniques. It is evident that the results obtained by NMR in oriented phases are closely comparable to the ones obtained by other techniques. Other examples, where the study of the 'P NMR spectrum in the nematic phase, gives access to geometrical information, are given by cyclotetraphosphanes (PR)+ and cyclohexaphosphanes (PR)6 . In the case of cyclotetraphosphanes, the 31P spectrum in the nematic phase is in agreement with the D2d symmetry shown in Fig. 2 . The analysis of this spectrum yields two dipolar couplings 12 and 13 and the ratio of these two values can be related to an angle ci characterizing the degree of folding of the fourmembered ring (16) . Table 3 shows the results obtained for cyclotetraphosphanes bearing various substituents (16) , along with the data obtained by X-ray diffraction for (PCF3) (27) , (Pc-C6H11) (28) and (P t-CH9)+ (29). The two methods give very similar results. A good agreement between X-ray (14) and NMR (11) structural data is also observed for the cyclohexaphosphane P(C6H5)6. All these results tend to indicate that in acyclic phosphanes and in cyclopolyphosphanes, the 1J(PC) and J(PP) indirect spin-couplings have a negligible ani sotropy.
Thus, in the case of highly symmetrical phosphorus molecules, NMR in nematic phases appears to be a.reliable method to get information on the molecular geometry. It is often necessary to work with labelled molecules in order to get dipolar couplings involving the non fluxional part of the molecule. In the examples reported here, the vibration corrections are negligible but thereexist in the literature several cases where they may become important (30). Difficulties may arise also from the existence of several orientations of the solute molecule in the ordered phase (31) or from modifications of the molecular geometry under the pressure exerted by the liquid crystal phase (32).
CHEMICAL SHIFT ANISOTROPY
As it was pointed out in the introduction, the NMR chemical shift of a given nucleus in a A molecule dissolved in a liquid crystal has a preferred average orientation with respect to the external magnetic field B0, and thus its resonance frequency aniso will be different from the one observed in an isotropic phase "iso. For example, in a molecule of C3v symmetry "iso -aniso An elegant use of smectic phases has been developed to measure easily the chemical shift anisotropy Ao = ( -) (37) . However, problems of solubility frequently preclude its use.
The measurement of the Aa value in nematic solvents is based on the following technique. By changing the temperature, the SZZ order parameter is changed. Extrapolation of the vaniso resonance frequency to the SZZ = 0 value allows the determination of viso in a medium similar to the one in which vaniso is measured. The Aa values measured by this technique in X = P(CH3)3 (20)(21)(22) ; X = P(C6H)3 (38) and X = PF3 (17c, 17d) (X = lone pair, 0, 5, Se) are shown in Table 4 . The absolute shielding values c and are based on phosphine, PH3 , shielding which is assumed to be known accurately from ab initio calculations (39) and molecular beam experiments (40) .
The accumulation of similar data will probably provide a good help in understanding and perhaps even predicting the trends observed in phosphorus chemical shifts.
It can be seen from the values quoted in Table 4 that Ao is, in general , faily large and shows a striking increase when going from the three coordinate phosphorus compounds to the tetracoordinate ones. The largest values are observed for the phosphine oxides. It is interesting to note that the difference in the chemical shift observed for 0 = P(CH3)3 by changing the orientation of the magnetic field from parallel to perpendicular to the C3 axis of the molecule, is greater than the chemical shift difference observed in the isotropic phase between P(CH3)3 and 0 = P(CH3)3 . Except for the phosphine oxide, the benzene ring Tr-electron system does not affect significantly the chemical shift anisotropy. It is also worth noting that for the X = P(CH3)3 and X = P(C6H5)3 compounds, . remains almost constant except for the oxide. A reverse situation seems to prevail in X = PF3 molecules where a large increase The indirect spin-spin coupling is also a second rank tensor J which may have_nine independent components. Due to the rapid tumbling of the molecule, only the trace of the J tensor is accessible from the NMR spectral analysis in isotropic liquids. The dependance of the spinspin coupling Ji between nuclei ii upon the angle defined by the nj vector, and the magnetic field B0 is difficult to measure in the solid state, where the dipolar coupling Dij is largely dominant. However, an example of large anisotropy has been reported for 'J(PP) from a solid state study of AgP2O6 (43) .
The NMR study of a_molecule oriented in a liquid crystal may provide information on the anisotropy of the J tensor. The method usually applied may be summarized as follows. In the nematic phase NMR spectrum, the dipolar couplings measured using equation () are in fact the sum of two terms :
. D. . = D.l.r + Di'i 13 13 13 D1.r is the pure dipolar contribution which depends only on the geometry. D'j depnds on the individual componeflts of the spin-spin coupling tensor Jij. This D1' contribution cancels out when the tensor is isotropic. Thus, the obtention of accura geometrical data relies heavily on the anisotropy of J being negligible and conversely the obtention of information on the anisotropy of 3 relies on the observation of a significant discrepancy (that is larger than experimental errors) between the geometry derived by oriented NMR and the actual geometry known from a reliable source. It is this way of reasoning which was followed above in the section concerning the obtention of geometrical information and the agreement between the data derived from NMR and from other experimental methods, led us to conclude that in the molecules studied, the 'J(PH) (17a), 'J(PC), 2J(CC) 'J(PP) tensors have a negligible anisotropy.
Recent theoretical investigations predicted a large anisotropy of for nuclei of high atomic number (44) (45) . Such a prediction is supported by recent experimental results (45) . This suggested to us the examination of the 'J(PSe) coupling. From the NMR spectral analysis of the trimethylphosphane selenide Se = P(CH3)3 dissolved in a nemtic phase, assuming that 1J(PSe) is isotropic, one obtains a r(PSe) bond distance (2.33 A) (22) which is fairly different from the r(PSe) value measured from X-ray diffraction (2.11 A). This large discrepancy between the two r(PSe) values lead us to conclude that there exists a large anisotropy for the 'J(PSe) coupling. Assuming that all the discrepancy is due to the anisotropy, a simple analysis yields (PSe) = -1153 Hz -120 Hz ; Jj(PSe) = -473 Hz + 60 Hz where Jg and Jjrepresents the spin soin coupling when The magnetic field B0 is paralTel and perpendicular to the C3 axis of the molecule respectively (46).
Among the different terms which contribute to the indirect spin-spin coupling (Fermi-contact, orbital , spin-orbital , spin dipolar-Fermi contact) , the Fermi contact will have no orientation dependence upon the applied magnetic field (6) . Thus, the contribution of other terms than the Fermi contact becomes important for 1J(PSe). The 3 tensor anisotropy which has been examined in a few cases only thus appears as an important factor for a better understanding of the coupling mechanism.
CONCLUSION
The few examples given above show that 31P NMR in liquid crystal phases can be a powerful technique for the obtention of structural data on simple phosphorus containing molecules, which possessat least a three fold symmetry axis.
The accuracy and reliability of the geometrical parameters derived from the measured dipolar couplings, require that the anisotropy of the indirect spin couplings is negligible. The examples given here show that this seems to be verified in the case of the indirect spin couplings involving light nuclei like 1H, '3C, 15N, 31P. The study in nematic phases can give also an easy access to the anisotropy of the 31P chemical shift. The values obtained are however more prone to errors than the values measured in smectic phases (37) or in the solid state ( g ).
